To explore this hypothesis, we studied Ca 2ϩ signaling into a cellular response by regulating cell cycle produring gametogenesis in P. berghei, a malaria parasite gression in the male gametocyte. CDPK4 is shown to of rodents. Gametogenesis is the process, by which be essential for the sexual reproduction and mosquito specialized transmission stages circulating in the blood transmission of P. berghei. This study reveals an unexstream, the gametocytes, differentiate rapidly into male pected function for a plant-like signaling pathway in and female gametes upon internalization by a suscepticell cycle regulation and life cycle progression of a ble mosquito. Fertilization follows within 15 to 20 min. malaria parasite.
Generation of Transgenic P. berghei Strains Expressing a GFP-Aequorin Ca
2؉ Sensor The Ca 2ϩ -dependent bioluminescence of the aequorin protein offers a highly sensitive method to record cytosolic Ca 2ϩ peaks from small numbers of cells. Sensitivity can be increased further by exploiting the fluorescence energy transfer that occurs when aequorin is fused to GFP (Baubet et al., 2000). To measure Ca 2ϩ in the parasite's cytosol, we generated transgenic reporter strains, in which an expression cassette for a chimeric GFPaequorin gene was stably integrated into one of two ribosomal loci (Figure 2A ) shown previously to have redundant functions in parasite development (van Spaendonk et al., 2001). Two Ca 2ϩ reporter strains were generated, one in the gametocyte-producing P. berghei strain 2.34 (resulting in clone 1.7.6), and one in the gametocyte nonproducer, strain 2.33 (giving rise to clone 5.2). Genomic integration of the insertion construct was verified ites of clone 1.7.6 and found GFP-aequorin expressed We here show an unexpected role for a plant-like in all these stages (data not shown). CDPK-dependent signaling pathway in cell cycle regulaTo test whether the parasite-expressed GFP-aequorin tion and life stage progression in the malaria parasite.
protein was a functional Ca 2ϩ sensor, we treated enWe identify and characterize a novel calcium dependent riched gametocytes and asexual blood stages with protein kinase, CDPK4, which is transcriptionally upregpharmacological agents known to raise cytosolic Ca 2ϩ ulated in the male gametocyte. We demonstrate that levels in Plasmodium by different mechanisms (Alleva  CDPK4 functions downstream of an XA-induced calcium  and Kirk, 2001 ). A23187, a Ca 2ϩ ionophore, and cyclosignal as an essential regulator of cell cycle progression piazonic acid, an inhibitor of the endoplasmic reticulum in the male gametocyte and that it is essential for paraCa 2ϩ ATPase, elicited dose-dependent luminescence site transmission to the mosquito. responses that were comparable in gametocytes ( Figure  3A ) and asexual parasite stages ( Figure 3B) Figure 3E) . We determined the concentrastores within the gametocyte or the infected host cell. in wt and ⌬CDPK4 parasites over a nine day infection and scanning electron microscopy confirmed that the ability to round up and lyse the host cell remained intact ( Figure 5A ). Blood samples were examined daily for the ability of microgametocytes to exflagellate in response in ⌬CDPK4 gametocytes of both sexes (data not shown). We then examined the mitotic spindles and axonemes to stimulation either by 100 M XA or by a pH shift to pH 8.0. In blood containing wt gametocytes, exflagellathat form specifically in the activated microgametocyte. Using a monoclonal antibody against ␣ tubulin, a marked tion was abundantly observed under both conditions from day 5 of the infection. In marked contrast, no exreduction of axoneme-like structures was detected in activated ⌬CDPK4 microgametocytes as compared to flagellation was seen in ⌬CDPK4 gametocytes ( Figure  5B ). Light microscopy indicated that ⌬CDPK4 gametowt ( Figure 5D ) and typical mitotic spindles were absent. Microscopic analysis of propidium iodine-stained gacytes were, however, capable of rounding up and lysing their host cell upon activation. A rabbit antiserum that metocytes suggested that DNA synthesis in response to activation was blocked in the ⌬CDPK4 microgametolabeled specifically the erythrocyte surface helped us to distinguish between intracellular and emerged gacyte ( Figure 5D ). Previous studies using Feulgen staining showed that nonactivated gametocytes contain some metocytes ( Figure 5C ). Using this assay, we observed similar levels of emergence in wt and ⌬CDPK4 gameto-DNA in excess of the haploid value, which in the male increases about 6-fold, from 1.5-2N to 8N, upon activacytes upon stimulation by XA ( Figure 5D ). Transmission 
num-5F). In the wt strain, most P28-positive parasites had bers of cells were compared on Western blots (Figdifferentiated into ookinetes. In the ⌬CDPK4 parasites, ure 6C). ookinetes were absent and P28 was instead expressed on the surface of the emerged macrogametes, which in the absence of male exflagellation remained unfertilized
The cdpk4myc Transgene Encodes a Functional ( Figure 5F ). CDPK4 is thus not required to lift the translaCa
2؉
-Regulated Protein Kinase that Restores tional block on the p28 mRNA.
Mosquito Transmission of the ⌬CDPK4 Mutant Next, we asked whether ⌬CDPK4 macrogametocytes For biochemical characterization, we immunoprecipicould form ookinetes when crossfertilized by a strain tated the c-myc epitope-tagged CDPK4 kinase from capable of exflagellating. As a microgamete donor we lysates of activated gametocytes ( Figure 6D ). Immunechose a parasite strain, in which both the p28 and p25 complexes were then subjected to in vitro phosphorygenes had been deleted. This strain produces ookinetes lation assays using artificial substrates. Casein and in normal numbers; their infectivity to the mosquito is, myelin basic protein were both readily phosphorylated however, reduced to 0.5% of wt (Tomas et al., 2001) .
by CDPK4myc in vitro ( Figure 6E ). As predicted from The lack of P28 in this strain meant that in crosses, its primary structure, the kinase activity of CDPK4 ookinetes derived from ⌬CDPK4 macrogametes could was strictly Ca 2ϩ -dependent. Autophosphorylation of be identified specifically by their expression of the P28 CDPK4myc was observed independently of the presantigen, allowing ookinete conversion rates to be deterence of substrate and was also Ca Table S1 available on with CDPK4myc-but not with an empty control vecCell website), showing that ⌬CDPK4 macrogametes are tor-restored genome replication in the microgametofully competent to be fertilized. cyte (not shown). Scanning electron microscopy conWe then investigated whether crossfertilization resfirmed that ⌬CDPK4 gametocytes emerged successfully cued infectivity of the ⌬CDPK4 strain to Anopheles stefrom their host cells ( Figure 7B ) but that the release phensi mosquitoes. Equal numbers of wt ookinetes and of microgametes was inhibited unless the mutant was of the P28-positive ookinetes derived from the ⌬CDPK4 complemented with the cdpk4myc gene ( Figure 7D ). X ⌬P28/⌬P25-cross were offered to mosquitoes in a Finally, we examined the overall impact of the CDPK4 membrane-feeding apparatus. When oocyst numbers knockout on parasite transmission to A. stephensi. Ooon the midguts of fed mosquitoes were compared 10 cyst formation was completely suppressed in the days later, infectivity of ookinetes from the cross was ⌬CDPK4 strain and in the control-complemented mufound to be reduced to 1.8% of wt (Supplemental Table  tant , but wt oocyst numbers were restored by comple-S1 available on Cell website). This significant reduction mentation with cdpk4myc (Supplemental Table S2 availis probably an underestimate, since some of the oocysts able on Cell website). Taken together, these data show observed in the cross would have been derived from that CDPK4 is a Ca 2ϩ -dependent molecular switch that selfing of the ⌬P28/⌬P25 strain, which control experiis essential for the mosquito transmission of malaria ments showed to retain limited infectivity (Supplemental parasites by regulating male gametogenesis in response 
